Thermoelectric (Peltier) heat pumps are capable of refrigerating solid or fluid objects, and unlike conventional vapor compressor systems, they can be miniaturized without loss of efficiency. More efficient thermoelectric materials need to be identified, especially for low-temperature applications in electronics and devices. The material CsBi 4 Te 6 has been synthesized and its properties have been studied. When doped appropriately, it exhibits a high thermoelectric figure of merit below room temperature ( ZT max ϳ0.8 at 225 kelvin). At cryogenic temperatures, the thermoelectric properties of CsBi 4 Te 6 appear to match or exceed those of Bi 2-x Sb x Te 3-y Se y alloys.
A broad search is under way to identify new materials with enhanced thermoelectric (TE) properties (1) (2) (3) . Important applications include cooling of electronic circuitry and superconducting devices. Particularly desirable are candidate materials that function well at or below room temperature, with performance characteristics better than those of the well-known Bi 2Ϫx Sb x Te 3Ϫy Se y alloys (4) . Until recently, most investigations focused on tuning (5) the composition of these alloys, doping (6) with other heavy metals, and optimizing device design. Several classes of materials are currently under investigation, including skutterudites (7), half-Heusler alloys (8), clathrates (9), and pentatellurides (10).
We have explored materials with more complex compositions and structures that would likely have complex electronic structures that could give rise to high TE performance (11). Good TE materials require an unusual combination of electrical and thermal properties. The challenge lies in achieving simultaneously high electrical conductivity , high TE power S, and low thermal conductivity , which define the unitless TE figure of merit ZT ϭ (S 2 /)T (where T is temperature). All three of these properties are determined by the details of the electronic structure (band gap, band shape, and band degeneracy near the Fermi level) and scattering of charge carriers (electrons or holes) and thus are not independent. The total thermal conductivity also has a contribution from the phonon thermal conductivity, l , such that ϭ e ϩ l , where e is the carrier thermal conductivity.
Recently we reported that K 2 Bi 8 S 13 (12) and ␤-K 2 Bi 8 Se 13 (13) have promising TE properties and particularly low values (14, 15) . The alkali metals play an important role in reducing the total . When we moved on to investigate corresponding Te analogs with Cs, we obtained an unexpected result: Instead of Cs 2 Bi 8 Te 13 , we isolated CsBi 4 Te 6 . From a chemical point of view, this amounts to a reduction of a Bi 2 Te 3 unit by a half-equivalent of electrons. The added electrons, however, result in a complete restructuring of the Bi 2 Te 3 framework so that the new structure bears no resemblance to the corresponding binary compound. The new compound seems to be an outstanding candidate for low-temperature TE applications. We describe here the synthesis, structure, and TE properties of CsBi 4 Te 6 , which, when doped appropriately, achieves a maximum ZT of ϳ0.8 at 225 K, making it the best bulk TE material below room temperature.
We first obtained CsBi 4 Te 6 by reacting Cs 2 Te and Bi 2 Te 3 at 700°C. Subsequently we devised a synthesis from the direct stoichiometric combination of the elements at 600°C. The material is stable in air and water, and melts without decomposition at 545°C. The crystals grow with long needle-like morphology (Fig. 1A) . The direction of rapid growth along the needle axis is also the direction of maximum TE performance.
CsBi 4 Te 6 has a layered anisotropic structure (16) . It is composed of anionic [Bi 4 Te 6 ] slabs alternating with layers of Cs ϩ ions (Fig.  1B) . The addition of one electron per two equivalents of Bi 2 Te 3 is not topotactic and does not produce a formal intercalation compound, but causes a complete reorganization of the bismuth telluride framework to produce a new structure type. The added electrons localize on the Bi atoms to form Bi-Bi bonds that are 3.238 Ϯ 0.001 Å long. The presence of these bonds is unusual in bismuth chalcogenide chemistry, and it is not clear whether they play a role in the enhanced TE properties of the material (17) . The [Bi 4 Te 6 ] layers are strongly anisotropic, as they consist of one-dimensional (1D) [Bi 4 Te 6 ] lathlike ribbons running parallel to the b axis. The width and height of these laths is 23 Å by 12 Å (Fig. 1C) 4 Te 6 ] layers, and their atomic displacement parameters are 1.6 times those of the Bi and Te atoms, which suggests that they undergo considerable "rattling" motion (18) . Such a dynamic motion in the lattice can be responsible for strong scattering of heat-carrying phonons and leads to low values (see below) (19) . The immediate environment of Cs is a square prismatic arrangement of Te atoms.
As obtained directly from the synthesis (with no deliberate attempt at doping), crystals of CsBi 4 Te 6 have high room-temperature values, ranging from 900 to 2500 S/cm (20) (Fig. 2A) , and S values from 90 to 120 V/K (21) (Fig. 2B) . At lower temperatures, S typically exhibits a maximum of 120 V/K at ϳ240 K and then slopes toward zero at 0 K. The measurements on a large number of pressed pellets (Ͼ97% theoretical density) or oriented ingots (22) show values between 1.25 and 1.85 W/m⅐K, for lightly and heavily doped samples, respectively. These values give rise to relatively high room-temperature ZT values of 0.2 to 0.5; these figures of merit suggest that the material is an excellent candidate for further optimization via chemical manipulation (such as doping, solid solution, and crystal growth). On the basis of the maximum values of S, the band gap of CsBi 4 Te 6 can be estimated from the formula E g ϳ 2S max ⅐T max (23) to be between 0.05 and 0.11 eV.
Because of the promising properties of CsBi 4 The and S data were used to calculate the power factors, S 2 , for each dopant versus temperature and doping concentration. The best results in this study were obtained with SbI 3 . The evolution of power factor as a function of SbI 3 addition is shown in Fig. 3A . From these data, the optimal concentration seems to lie at 0.05% SbI 3 . This sample achieved a maximum power factor of ϳ51.5 W/cm⅐K 2 at 184 K. The temperature dependences of and S of the best sample are shown in Fig. 3B . The S maximum was found at ϳ250 K. The total of the doped samples of the material, ϳ1.48 W/m⅐K (Fig. 3C ) (24), is considerably smaller than that of Bi 2 Te 3 (at ϳ1.85 W/m⅐K) and more comparable to that of the optimized Bi 2Ϫx Sb x Te 3-y Se y alloy (at 1.56 W/m⅐K) (25). The approximate electronic contribution to was estimated using the Wiedemann-Franz law (26) for metals as e ϳ 0.7 W/m⅐K. This result suggests that the measured total of this material is almost equally composed of the lattice and electronic contributions. Perpendicular to the growth axis (b axis), was sharply lower (ϳ0.6 W/m⅐K), which reflects the highly anisotropic nature of CsBi 4 Te 6 .
The ZT for this sample (0.05% SbI 3 -doped CsBi 4 Te 6 ) and that of the optimized commercial Bi 2Ϫx Sb x Te 3 are compared as a function of temperature in Fig. 3D . Along the growth axis, the computed ZT values for CsBi 4 (Fig. 4) . Hole mobilities calculated from the electrical conductivity and Hall data show exponentially decreasing mobility as the temperature increases. The hole mobilities in doped CsBi 4 Te 6 samples range between 700 and 1000 cm 2 /V⅐s at room temperature. These are substantially greater than those typically found in the optimized p-type bismuth telluride alloy (ϳ380 cm 2 /V⅐s) (28) . At low temperatures, the mobilities soar to Ͼ5000 cm 2 /V⅐s. The very high hole mobilities could be due to the 1D character of CsBi 4 Te 6 and the lack of atomic disorder in its crystal lattice. The carrier concentration shows a weak dependence on temperature, with values decreasing as the temperature is lowered. The carrier concentration tends to diminish as the doping increases away from 0.05% SbI 3 , the material with the highest power factor. For these samples, the carrier concentration data could be correlated with the power factor data; the results showed that the power factor decreased as the carrier concentration moved away from 10 19 cm Ϫ3 (Fig. 3A) . A complete TE cooling device needs both a p-type and an n-type version of a material to operate. Thus, an important issue to be addressed in future studies with CsBi 4 Te 6 is whether n-type doping is possible. We have been able to show that In 2 Te 3 doping leads to n-type charge transport. Not only is n-type behavior achievable, but the maximum TE power of Ϫ100 V/K occurs at ϳ160 K (Fig. 4, C and D Phys. Lett. 73, 178 (1998) . 10. R. T. Littleton et al., Appl. Phys. Lett. 72, 2056 (1998 . 11. Complex electronic structures have a higher probability of producing high thermopower. According to the Mott formula, the thermopower S is given by
where (E) is the electrical conductivity determined as a function of band filling, and the electronic conductivity ϭ (E)͉ EϭE f (where E f is the Fermi energy). If the carrier scattering is independent of energy, then (E) is just proportional to the density of states at E. In the general case, S is a measure of the difference in (E) above and below the Fermi surface-specifically, through the logarithmic derivative (E) with respect to E. Therefore, a material 4 Te 6 . Mobility and carrier concentration data were obtained using dc Hall-effect measurements. Applied current and magnetic field strength were typically 10 mA and 7 kG, respectively. Electrical conductivity and Hall-effect data were taken simultaneously, with mobility values calculated from these data. (C) Corresponding electrical conductivity data for In 2 The bulk properties of iron at the pressure and temperature conditions of Earth's core were determined by a method that combines first-principles and classical molecular dynamic simulations. The theory indicates that (i) the iron melting temperature at inner-core boundary (ICB) pressure (330 gigapascals) is 5400 (Ϯ400) kelvin; (ii) liquid iron at ICB conditions is about 6% denser than Earth's outer core; and (iii) the shear modulus of solid iron close to its melting line is 140 gigapascals, consistent with the seismic value for the inner core. These results reconcile melting temperature estimates based on sound velocity shock wave data with those based on diamond anvil cell experiments.
Iron is thought to be the main constituent of Earth's solid inner core and liquid outer core. However, the bulk properties of Fe at such extreme physical conditions remain uncertain, including (i) the Fe melting temperature T m at the pressure of the ICB (330 GPa) (1) (2) (3) (4) (5) (6) ; (ii) the density of liquid Fe at T m , which is needed to determine whether elements lighter than Fe are present in the outer core (7-10); and (iii) the elastic behavior of solid Fe close to the melting line (11) (12) (13) (14) . The Fe melting temperature at high pressures has been determined by diamond anvil cell (DAC) and shock wave experiments (1) (2) (3) (4) (5) (6) . Recent DAC estimates of the melting line extend to 190 GPa (3) and agree with each other (5, 6) within 500 K. Shock wave-based estimates are available at ϳ240 GPa, but these result in a wider range of possible melting temperatures of 5800 K (1), 6700 K (2), and 6350 K (4). All of the shock wavebased estimates for T m are inconsistent with the extrapolation of the Fe melting line from static DAC experiments (3), which predict a T m of ϳ4000 K at 240 GPa.
We calculated the properties of Fe by a method that combines first-principles and classical molecular dynamics (MD) simulations. A correct account of the electronic structure of Fe at the ab initio level is fundamental for an accurate and reliable description of the properties of Fe at Earth's core conditions (13, (15) (16) (17) . Our calculations were based on a finitetemperature extension of density-functional theory within the gradient-corrected local density approximation (GC LDA) (18) and on a pseudopotential description of the valence electron interaction with the ion core (nucleus plus 1s, 2s, and 2p atomic core states) (19) . The calculated low-temperature pressure-density curve for hexagonal close-packed (hcp) Fe agrees with the x-ray data (20) (first-principles densities are ϳ1% smaller than experimentally determined densities at all pressures).
First-principles quality information on the high-temperature properties of Fe (melting properties, elasticity, diffusion, and Hugoniot equation of state) was obtained in this work by constructing classical potentials with an explicit dependence on the thermodynamic pressuretemperature (P-T ) condition, exactly mimicking the first-principles MD at that P-T point. The potential, which includes non-two-body terms (21, 22) and angular forces (22), is optimized by matching the classical and first-principles forces and stresses with a self-consistent iterative procedure (23). Thermodynamic properties at that P-T condition are then extracted from classical MD simulations. The optimal potential (OP) constructed in this way will not be transferable to a different P-T condition, where a different potential must be constructed. Our approach is thus different from previous attempts to estimate the melting temperature 
